that the symmetry axes of the rotor and the coagulator coincide. The rotor rotates counterclockwise and has small nozzles in its lateral surface. Hot polymer solution is pumped through the rotor's nozzles, flows to the coagulator under the influence of Coriolis and centrifugal forces, and hits the water curtain at the coagulator wall. The resulting fiber is transported away by the water, then it is washed and cut into small pieces to get pulp.
The rotary spinning problem was presented at the 48th European Study Group Mathematics with Industry in Delft (2004) [2] . To describe the jet, the string model was used. At that time, the equations were not solved due to the assumption that the jet always leaves the nozzle radially. The second study of the rotary spinning process was done in [4, 5] . It has been shown there that the jet orientation at the nozzle is determined by the jet itself. However, understanding why the jet orientation can not be prescribed at the nozzle was missing.
In this paper we present the analysis of the rotary spinning model [2, 4, 5] with the boundary conditions derived in [3, Chapter 2] , and characterize the complete parameter space. Similar configurations without coagulator are studied in [1, [6] [7] [8] [9] [10] [11] [12] [13] [14] .
Model
We model the rotary spinning process by considering the steady jet (see Figure 2 ) in two dimensions (neglecting the vertical motion due to gravity). The jet moves in a fixed horizontal frame from the nozzle of the rotor to the contact point with the coagulator. In a fixed reference frame the rotor rotates counter-clockwise with angular velocity Ω . The radii of the rotor and the coagulator are R rot and R coag , respectively. The jet is parameterized by its length s with s = 0 at the nozzle and s = s end at the contact with the coagulator. Note that the jet length s end is unknown in advance. The flow velocity at the nozzle is v nozzle , and at the contact with the coagulator the jet sticks to it having the flow velocity Ω R coag . To describe the jet position in the rotating reference frame of the rotor, we use two sets of coordinates: either the polar coordinates R and β , with the origin at the center of the rotor, or the arc length of the jet s, and the angle φ the tangent to the jet makes with the radial direction; see Figure 2 . In the rotating reference frame, two (inertial) body forces act on the jet, i.e the centrifugal, F c , and Coriolis, F C , force.
The system describing the stationary jet follows from the conservations of mass and momentum. We scale the flow velocity v with respect to Ω R coag , both R and s with respect to R coag . Then the system is fully described by three dimensionless numbers B = 3ν/(ωR 2 coag ),
, where ν is the kinematic viscosity of the fluid. The resulting system is
together with the boundary conditions From (1) it follows that ξ (s) is a strictly increasing function implying that there are three possibilities for the sign of ξ (s):
• The first situation is ξ (s) > 0 everywhere in the jet, and then inertia dominates everywhere in the momentum transfer through the jet cross-section. We call this jet flow regime inertial. In this case the jet must be aligned with the radial nozzle direction, φ (0) = 0.
• In the second situation ξ (s) changes sign from negative to positive, and viscosity dominates near the nozzle and inertia near the coagulator in the momentum transfer through the jet cross-section. We call this jet flow regime viscous-inertial. In this case we can not prescribe any boundary condition for the jet orientation. However, from (2), it follows that at the point s 0 where ξ (s 0 ) = 0 the jet should be aligned with the direction of the resulting external force acting on the jet, yielding
• In the third situation ξ (s) < 0 everywhere in the jet, and viscosity dominates everywhere in the momentum transfer through the jet cross-section. We call this jet flow regime viscous. For viscous jet we require tangency with the coagulator φ (s end ) = π/2. However, the viscous jet situation is not possible in the current setup because of the following argument.
The border between the parameter regions for the viscous and viscous-inertia jets should satisfy the condition ξ (s end ) = 0. Then from (5) and the boundary conditions it follows that sin(φ (s end )) = 2 leading to a contradiction.
The following solution strategy is suggested. For the equations (1)- (2) we find a first integral
where C 1 = R 0 for the inertial jet, C 1 = R(s 0 ) for the viscous-inertial jet. Then system is solved using the shooting method. The parameter space is described by the three dimensionless numbers R 0 , Dr, and B. In Figure 3 we present the partitioning of the parameter space in the R 0 , Drplane for different B. In this plane we observe the regions of inertial jet, viscousinertial jet, and two regions of nonexistence of a jet solution. For the parameter regions "no solution 1" the cause of nonexistence is that the jet does not reach the coagulator and wraps round the rotor. For the parameter regions "no solution 2" the jet reaches the coagulator, but the flow velocity at the coagulator can not be matched, indicating the unsteady jet. In the region "no solution" both causes of nonexistence are possible. The borders between the viscous-inertial and inertial regimes are obtain from the condition ξ (0) = 0 and the borders of the nonexisting regions are obtained using monotonicity properties of the jet solution together with the condition φ (s end ) = π/2. For B close to zero (see the plot for B = 0.01) the region of the inertial jet occupies almost the whole plane except a narrow area near Dr = 0. The viscousinertial jet region forms long and narrow strip along the line Dr = 0. The nonexistence regions "no solution 1" and "no solution 2" are small areas concentrated near the points Dr = 0, R 0 = 0, and Dr = 0, R 0 = 1, respectively. With increasing B (see the plot for B = 0.15) the border of the inertial jet region rises, the viscousinertial jet region becomes higher and shorter, and the nonexistence regions grow. For B = 0.2617 the viscous-inertial jet regions is just disappeared (shrinked to one curve). For larger B > 0.2617 (see the plot for B = 0.4) the viscous-inertial jet is absent, the inertial jet region becomes smaller and the nonexistence region "no solution" expands.
Conclusions
The steady jet model in rotary spinning configuration is studied. The jet is described by a system of ODE's on an unknown domain. The scaled system describing the jet is characterized by three dimensionless parameters. For the jet in rotary spinning we distinguish three situations: the inertial jet, the viscous-inertial jet, and a steady jet solution does not exist. There are two causes of the nonexistence of the jet between the rotor and the coagulator 1) the jet wraps around the rotor, and 2) the flow velocity at the coagulator can not be reached, indicating unsteady jet. 
